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Supplemental feedingWildlife populations experience periods of negative growth of varying magnitudes and duration. Under-
standing these dynamics and a population’s sensitivity to them informs conservation planning, policy
decisions, recovery criteria and management triggers, especially when management actions are expen-
sive or risky. Therefore, to inform management and conservation of the only wild, migratory population
of endangered whooping cranes (Grus americana), we modeled its 73-year time-series of abundances and
simulated future growth using Monte Carlo forecasting. We estimated the probability of the population
reaching downlisting criteria. We used Monte Carlo simulation to examine this population’s sensitivity to
periods of negative growth (i.e., annual growth rate (r) = 0.025, 0.050, 0.100, or 0.150 for 1–3 con-
secutive years). We found this population exhibiting periodic declines on a 10-year cycle. We show it is
unlikely to go extinct assuming conditions remain similar to the past. Our forecasts suggested the pop-
ulation will contain >400 birds by 2025. We found P3 consecutive years of r 6 0.1 or P2 consecutive
years of r 6 0.15 must occur to signiﬁcantly reduce abundance from the current trajectory and delay
recovery. Favorably, the probability of reaching 400 birds by 2040 was 0.892 for the worst scenario. Such
a scenario has only occurred once in 73 years of monitoring. Our simulations provide managers and pol-
icy makers information for evaluating recovery timelines, while forecasts aid setting habitat conservation
targets. By describing how the population responds to periods of negative growth (natural or manmade),
we identify management triggers, while informing monitoring frequency. Furthermore, our analyses pro-
vide a framework for moving discussions away from short-term, reactive decisions such as supplemental
feeding, aquaculture, or small-scale freshwater provisioning, to long-term conservation approaches.
Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Wildlife populations experience periods of negative population
growth (e.g., Boyce and Miller, 1985; Fisher et al., 2001; Krebs
et al., 2001; Hernández et al., 2005; Van Houtan et al., 2009).
Understanding a species’ sensitivity to the magnitude and duration
of such periods is necessary to identify triggers describing when
management intervention should occur and which management
actions to pursue. Clearly, as costs or risks of unintended conse-
quences from a management action increases, the more important
it becomes that a management action is reliable and effective. In-
deed, it is irresponsible to implement expensive management ac-
tions, or those that may endanger a population’s health, when no
action would have little discernible impact on a population’s tra-jectory. Therefore, we demonstrate how population modeling and
simulation techniques inform management and conservation of
the only wild, migratory population of whooping cranes (Grus
americana). Our results inform recovery criteria for this population,
provide triggers (or thresholds) for management intervention, ad-
vise planning efforts for land protection, and directly inform policy
decisions regarding risky or costly management actions for whoop-
ing cranes.
The population of whooping cranes we studied breeds in and
around Wood Buffalo National Park, Alberta and Northwest Terri-
tories, Canada, and overwinters along the Texas gulf coast centered
on Aransas National Wildlife Refuge (NWR), Texas, USA (Canadian
Wildlife Service [CWS] and US Fish and Wildlife Service [USFWS],
2007). This was the only population to survive the near extinction
event of the early 20th century (CWS and USFWS, 2007). Although
many studies have modeled population growth for this endan-
gered species, they lack information describing this population’s
probability of extinction and recovery, and how years of negative
growth effect its long-term population trend (e.g., Miller et al.,
1974; Binkley and Miller, 1983, 1988; Boyce and Miller, 1985;
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there is uncertainty regarding how much concern is warranted
and which if any management action is needed. This has resulted
in groups and individuals vested in the population’s recovery pres-
suring agencies charged with the population’s management to pur-
sue reactive measures aimed at curbing individual mortality (e.g.,
supplemental feeding, aquaculture, freshwater provisioning with
windmills or solar pumps, or planting agricultural plots). Irrespec-
tive of their questionable efﬁcacy, some of these reactive measures
may result in unintended consequences that endanger the popula-
tion’s health (e.g., delayed migration, increased predation). These
short-term approaches also distract time and resources away from
efforts ensuring the long-term persistence of this whooping crane
population.
Fortunately, data exist that inform the conservation and man-
agement of this whooping crane population, by enabling predic-
tions that describe the probability of extinction and recovery,
and by simulating the sensitivity of the population’s trend to unu-
sual mortality events. The USFWS has monitored this population
annually since 1938 by estimating winter abundance in Texas (Ste-
hn and Taylor, 2008). We coupled these population estimates with
modeling to predict this population’s abundance and describe its
normal dynamics. We considered models with transitions in
growth trends, inverse density dependent effects, and impacts of
egg removal. We included egg removal since this activity occurred
over a 32-year period to help re-establish whooping crane popula-
tions elsewhere and controversies over the biological beneﬁts or
harm from this activity remain (Link et al., 2003; Boyce et al.,
2005).
Given the historic growth rate of the Aransas-Wood Buffalo
ﬂock, it is unclear when recovery goals will be attainable. There-
fore, we estimated extinction probability and forecasted future
abundance to 2040. This enabled us to estimate the probability
of whooping crane abundances reaching population sizes identi-
ﬁed in the downlisting criteria established by the International
Recovery Plan (CWS and USFWS, 2007). The short-term recovery
goal is downlisting from endangered to threatened by 2035 (CWS
and USFWS, 2007). One criterion requiresP1000 birds in the Aran-
sas-Wood Buffalo ﬂock with P250 breeding pairs (Criterion 1B;
CWS and USFWS, 2007). If an additional self-sustaining ﬂock can
be established, a second downlisting criterion requiresP400 birds
in the Aransas-Wood Buffalo ﬂock with P100 breeding pairs (Cri-
terion 1A; CWS and USFWS, 2007). Were two additional self-sus-
taining ﬂocks established, the remaining downlisting criterion
requires a minimum of 160 birds in the Aransas-Wood Buffalo
ﬂock with P40 breeding pairs (Criterion 1; CWS and USFWS,
2007). We estimated the probability of attaining these goals.
Finally, we used Monte Carlo simulation to examine the effects
of population declines of varying magnitudes and duration on the
population’s trajectory. These simulations identiﬁed the magni-
tude and duration of population declines required to negatively
impact population recovery. For example, drought conditions sur-
rounding Aransas NWR during winter 2008–2009 were excep-
tional (National Climatic Data Center, 2008, 2009), with a high
mortality of whooping cranes inferred (Stehn, 2009). In the ab-
sence of a quantitative mechanism to assess risk to the population
posed by increased overwinter mortality, the amount of alarm and
management intervention warranted was poorly understood.
Regardless, the situation generated concern among individuals
and agencies vested in whooping crane conservation (e.g., Whoop-
ing Crane Conservation Association [WCCA], 2009). Supplemental
feeding of cranes on Aransas NWR, a risky and reactive measure,
was advocated to curb potential mortality and dampen concern
among stakeholders. No information exists concerning the popula-
tion level effects of supplemental feeding whooping cranes, yet
advocates assumed it improved individual survivorship resultingin long-term beneﬁts to the population. However, potential risks
such as increased predation, poisoning (i.e., aﬂatoxin), alteration
of behavior, reliance on artiﬁcial food sources of poor nutritional
quality, delayed migration, and increased disease transmission
can result from supplemental feeding programs (e.g., Baskin,
1993; Oberheu and Dabbert, 2001; Miller et al., 2003). Clearly, be-
fore implementing risky management strategies, those tasked with
whooping crane management should identify when such interven-
tion is warranted.
Our population forecasts inform these challenging management
issues while providing information that helps policy makers eval-
uate recovery timelines and conservation planners set habitat tar-
gets to meet future population needs of whooping cranes. Our
simulations enabled us to identify thresholds in growth rates based
on the severity and duration of natural (e.g., droughts, hurricanes,
disease outbreak) or human induced (e.g., chemical spills, shoot-
ing) population declines that cause measureable departures from
the expected population trajectory. When growth rates attain
these thresholds it could warrant management responses. Simi-
larly, these thresholds prompt targets for survey effort (i.e.,
amount and timing) necessary to identify when to implement
management intervention and to meet policy requirements. Fur-
thermore, our research provides a framework for moving discus-
sions away from potential reactive management during
environmentally stressful years, to more meaningful, larger-scale
issues such as how to support an expanding population of whoop-
ing cranes overwintering along the Texas gulf coast.
Therefore, the framework we provide can be used to help guide
structured decision making efforts for the species, demonstrate
how careful examination of population dynamics informs manage-
ment actions, and illustrate the establishment of triggers for man-
agement intervention. Though such long-term data sets are not
typically available for most endangered species, we believe avail-
able data augmented with data from similar species or expert elic-
itation can be used to guide the implementation of costly or risky
management actions (Runge, 2011; Runge et al., 2011; Moore et al.,
2012). Hence, our research guides analogous conservation and
management efforts for other animal species.2. Methods
2.1. Study area
Whooping cranes arrive on their wintering grounds surround-
ing Aransas NWR in October and depart by late-April (Johnsgard,
1983). On the wintering grounds, the Aransas-Wood Buffalo ﬂock
was distributed in coastal salt marsh, tidal ﬂats, and shallow bay
edges with some use of upland areas on Aransas NWR, Lamar Pen-
insula, Matagorda Island, San Jose Island, and Welder Flats (CWS
and USFWS, 2007). The marshes and ﬂats were dominated by salt
grass (Distichlis spicata), smooth cordgrass (Spartina alterniﬂora),
and Gulf cordgrass (S. spartinae; CWS and USFWS, 2007). Dominant
vegetation types in upland areas included live oak (Quercus virgin-
iana) savannah and coastal grasslands. Since 1938, occupied habi-
tat has expanded with the growing whooping crane population
(Stehn and Taylor, 2008). Soon, the majority of the population will
occur outside Aransas NWR (Stehn and Prieto, 2010).
Historically, the whooping crane’s breeding grounds occurred
across the northern Great Plains of North America (McNulty,
1966). However, the extant breeding grounds are limited to areas
on and around Wood Buffalo National Park, Alberta and Northwest
Territories, Canada (CWS and USFWS, 2007). The area remained
undiscovered until 1954 (Kuyt, 1996). Typical nests were in poorly
drained areas containing isolated marshes and potholes sur-
rounded by forested uplands (Kuyt, 1995; Bergeson et al., 2001;
Table 1
Whooping crane abundance (N) on the wintering grounds surrounding Aransas National Wildlife Refuge, Texas, USA, and instantaneous rates of increase (r). Data represent peak
counts of overwintering whooping cranes and was based on Boyce (1986), Mirande et al. (1997), CWS and USFWS (2007), and Stehn (2009, 2010, 2011).
Wintera N r Winter N r Winter N r
1938–1939 18 1963–1964 33 0.031 1988–1989 138 0.029
1939–1940 22 0.201 1964–1965 42 0.241 1989–1990 146 0.056
1940–1941 26 0.167 1965–1966 44 0.047 1990–1991 146 0.000
1941–1942 16 0.486 1966–1967 43 0.023 1991–1992 132 0.101
1942–1943 19 0.172 1967–1968 48 0.110 1992–1993 136 0.030
1943–1944 21 0.100 1968–1969 50 0.041 1993–1994 143 0.050
1944–1945 18 0.154 1969–1970 56 0.113 1994–1995 133 0.072
1945–1946 22 0.201 1970–1971 57 0.018 1995–1996 158 0.172
1946–1947 25 0.128 1971–1972 59 0.034 1996–1997 160 0.013
1947–1948 31 0.215 1972–1973 51 0.146 1997–1998 182 0.129
1948–1949 30 0.033 1973–1974 49 0.040 1998–1999 183 0.005
1949–1950 34 0.125 1974–1975 49 0.000 1999–2000 188 0.027
1950–1951 31 0.092 1975–1976 57 0.151 2000–2001 180 0.043
1951–1952 25 0.215 1976–1977 69 0.191 2001–2002 176 0.022
1952–1953 21 0.174 1977–1978 72 0.043 2002–2003 185 0.050
1953–1954 24 0.134 1978–1979 75 0.041 2003–2004 194 0.048
1954–1955 21 0.134 1979–1980 76 0.013 2004–2005 217 0.112
1955–1956 28 0.288 1980–1981 78 0.026 2005–2006 220 0.014
1956–1957 24 0.154 1981–1982 73 0.066 2006–2007c 237 0.074
1957–1958 26 0.080 1982–1983 73 0.000 2007–2008c 266 0.115
1958–1959 32 0.208 1983–1984 75 0.027 2008–2009c 270 0.015
1959–1960 33 0.031 1984–1985b 86 0.137 2009–2010c 264 0.022
1960–1961 36 0.087 1985–1986 97 0.120 2010–2011c 283 0.069
1961–1962 39 0.080 1986–1987 110 0.126
1962–1963 32 0.198 1987–1988 134 0.197
a Most of the time-series (i.e., winter 1938–1939 through winter 1983–1984 and winter 1985–1986 through winter 2005–2006) was available in the International
Recovery Plan (CWS and USFWS, 2007).
b The winter 1984–1985 count was missing from the International Recovery Plan but was available in 2 other published sources (Boyce, 1986; Mirande et al., 1997).
c The winter 2006–2007 through winter 2010–2011 counts were obtained from Aransas National Wildlife Refuge annual reports (Stehn, 2009, 2010, 2011).
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(Scirpus validus), sedge (Carex spp.), or cattail (Typha latifolia)
though many other wetland plant species were common (Kuyt,
1995; Timoney, 1999; Bergeson et al., 2001; CWS and USFWS,
2007).
2.2. Abundance surveys
An annual aerial survey of the Aransas-Wood Buffalo ﬂock’s
wintering grounds has been conducted by USFWS between
November and April since 1950 (Stehn and Taylor, 2008). The sur-
vey has been primarily conducted from a ﬁxed-wing aircraft (Stehn
and Taylor, 2008). Prior to 1950, intermittent ﬂights occurred due
to ﬁscal restraints, but the ﬂock was small during that period, mak-
ing counts possible through a combination of techniques (Boyce,
1986; Stehn and Taylor, 2008). These data represent an unparal-
leled time-series indexing abundances of a wild, migratory bird
population (Boyce, 1986; Dinsmore and Johnson, 2005; Stehn
and Taylor, 2008). Though these abundance counts are not a true
census of the population, many agree they have provided a good
index of abundance (Boyce and Miller, 1985; Boyce, 1986; Dins-
more and Johnson, 2005; CWS and USFWS, 2007; Stehn and Taylor,
2008). The 73-year time-series of abundances we used was com-
piled from multiple sources (Table 1; Boyce, 1986; Mirande et al.,
1997; CWS and USFWS, 2007; Stehn, 2009, 2010, 2011).
2.3. Egg removal
To facilitate recovery goals and establish captive breeding,
cross-fostering, and reintroduction programs for conservation ef-
forts, whooping crane eggs were removed from nests during
1967–1996 (Boyce et al., 2005; CWS and USFWS, 2007). Aerial sur-
veys (primarily ﬁxed-wing and some helicopter) for nesting
whooping cranes were conducted by CWS in Wood Buffalo Na-
tional Park to locate nests for egg removal (Kuyt, 1995, 1996;CWS and USFWS, 2007). Since most whooping crane clutches con-
tain two eggs and only one of the young (colt) usually survives the
nesting season (Kuyt, 1987, 1995; Bergesonet al., 2001), no more
than one egg was removed from a nest. Although egg removal
was justiﬁed as a low impact effect that facilitated other conserva-
tion efforts, some voiced concerns that recovery of the whopping
crane population would occur quicker without egg removal (Link
et al., 2003; Boyce et al., 2005). We compiled the number of nesting
pairs and egg removal data based on information in the Interna-
tional Recovery Plan (CWS and USFWS, 2007) and Ellis et al.
(1992; Table 2).2.4. Modeling abundance
We used an autoregressive integrated moving average (ARIMA)
process to model the time-series of whooping crane abundances
(Brocklebank and Dickey, 2003; Ryding et al., 2007; Shumway
and Stoffer, 2011; Hyndman et al., 2012). The ARIMA models pro-
vide an integrated generalized framework for modeling non-sta-
tionary time-series with complex temporal correlation using
autoregressive andmoving average parameters. We used the ‘‘fore-
cast’’ package for program R to ﬁt the ARIMA models (Hyndman
and Khandakar, 2008; Hyndman et al., 2012; R Development Core
Team, 2012). We used a square root transformation of abundance
(Nt) to homogenize and stabilize the variance; a logarithmic trans-
formation resulted in heteroscedastic residuals (Boyce and Miller,
1985; Brocklebank and Dickey, 2003). We examined the autocorre-
lation function (ACF) of the ﬁrst-order difference (i.e.,
ﬃﬃﬃﬃﬃ
Nt
p  ﬃﬃﬃﬃﬃﬃﬃﬃﬃNt1
p
,
where Nt is whooping crane abundance at time t) of the time-series
for periodic patterns (often referred to as seasonal patterns in the
econometric literature) such as the 10-year cycle observed by Boy-
ce and Miller (1985). A decadal periodic pattern would require
span 10 differencing (i.e., ð ﬃﬃﬃﬃﬃNt
p  ﬃﬃﬃﬃﬃﬃﬃﬃﬃNt1
p Þ  ð ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃNt10
p  ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃNt11
p Þ) and
potential implementation of multiplicative seasonal modeling
(Brocklebank and Dickey, 2003; Shumway and Stoffer, 2011).
Table 2
The number of eggs removed for conservation efforts and the number of whooping crane nesting pairs observed on the nesting grounds, Wood Buffalo National Park, Alberta and
Northwest Territories, Canada. Data obtained from International Recovery Plan (CWS and USFWS, 2007) and Ellis et al. (1992).
Summer No. nesting pairs No. eggs removed Summer No. nesting pairs No. eggs removed
1967 9 6 1983 24 18
1968 10 10 1984 29 25
1969 12 10 1985 28 27
1970 15 0 1986a 29 19
1971 13 11 1987 32 24
1972 16 0 1988 31 26
1973 14 0 1989b 30 15
1974 15 13 1990 32 12
1975 16 14 1991 33 16
1976 16 15 1992 41 21
1977 17 16 1993 45 26
1978 15 13 1994 28 13
1979 19 19 1995 49 24
1980a 19 13 1996 45 14
1981 17 12 1997 51 0
1982 17 16 1998c 50 2
a Number of eggs collected based on Ellis et al. (1992).
b Refuge records indicate a productive pair observed on the winter grounds was mistakenly added to the number of nesting pairs though that pair had already been counted
on the breeding grounds.
c These eggs were opportunistically removed from an abandoned nest (CWS and USFWS, 2007); therefore, they were excluded from analysis.
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which is often represented as a purely autoregressive process
(Hyndman and Athanasopoulos, 2012). However, simple autore-
gressive models performed poorly with this data set.
Trends in the time-series will manifest as non-zero means in
the differenced series (Poo, 2000). For example, the ﬁrst-order dif-
ferences (i.e.,
ﬃﬃﬃﬃﬃ
Nt
p  ﬃﬃﬃﬃﬃﬃﬃﬃﬃNt1
p
) are simply a series of population
changes (i.e., growth rates). Therefore, if the mean of differences
are positive (i.e., positive growth rate) then an increasing trend
in population size is indicated. The mean of a time-series that is
differenced twice (i.e., ð ﬃﬃﬃﬃﬃNt
p  ﬃﬃﬃﬃﬃﬃﬃﬃﬃNt1
p Þ  ð ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃNt10
p  ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃNt11
p Þ) de-
scribes the average change in growth rate (i.e., a trend in growth
rates or a quadratic trend in abundance). Inclusion of a constant
(i.e., mean of the differences) in the model allows modeling of a
deterministic trend in the time-series (Poo, 2000; Shumway and
Stoffer, 2011; Hyndman and Athanasopoulos, 2012).
We examined the ACF and partial autocorrelation function
(PACF) to identify the appropriate ARIMA model structure (Broc-
klebank and Dickey, 2003; Shumway and Stoffer, 2011). Further,
these models assume residuals were uncorrelated and normally
distributed with constant mean and variance (i.e., a stationary
time-series; Brocklebank and Dickey, 2003; Shumway and Stoffer,
2011). Once we identiﬁed the appropriate model structure, we
examined normality of the residuals using a Kolmogorov–Smirnov
test (Zar, 1999). We used the Ljugn–Box Q-test to determine if
residuals were autocorrelated (Ljugn and Box, 1978). To test for
stationarity, we used the Dickey–Fuller unit root test (Brocklebank
and Dickey, 2003). We tested for conditional heteroscedasticity of
the residuals using Engle’s Lagrange multiplier test (package ‘‘Fin-
TS’’ for program R; Engle, 1982; Wang et al., 2005; Tsay, 2005;
Graves, 2009; R Development Core Team, 2012).
Once we identiﬁed the appropriate ARIMA model structure, we
examined additional covariates in the model. Binkley and Miller
(1983, 1988) suggested that the whooping crane population
time-series separates into two growth phases. They proposed the
population was growing at a reduced rate prior to 1957 though
there was little evidence to distinguish among 1954–1960 as the
transition year. We examined 1950–1969 as possible transition
years by using an indicator variable (Xyear) that speciﬁed years
prior to the transition year as 0 and the transition year and beyond
as 1. We compared these models with and without a constant
term. We used the second-order Akaike’s Information Criterion(AICc) for model selection and treated models with DAICc 6 2 as
the best transition year models (Burnham and Anderson, 2002).
We compared four models to evaluate the inﬂuence of egg re-
moval on whooping crane abundance. First, we compared two
models with an indicator variable for years in which eggs were re-
moved (year egg removal occurred = 1, otherwise = 0); one model
included a constant term and the other did not. During the 30-year
long egg removal program, a total of 450 eggs were removed (Ellis
et al., 1992; CWS and USFWS, 2007). However, the number re-
moved per year ranged from 0 to 27 eggs. Since more whooping
crane pairs would be expected to have increased juvenile recruit-
ment into the winter ﬂock during years of increased egg removal
(Boyce et al., 2005), we also examined two models that included
the number of eggs removed per nesting pair (i.e., no. eggs/no.
nesting pairs); one model included a constant term and the other
did not. We used AICc to select among the base ARIMA model,
the base ARIMA model with a deterministic trend (i.e., with con-
stant term), the best growth phase transition models, and the
egg removal models (Table 3). We considered models with
DAICc 6 2 as competitive (Burnham and Anderson, 2002).
Though the whooping crane population appears to continue to
grow exponentially (Fig. 1), we also included Nt1 as a covariate.
This provided a mechanism to test for density dependent (i.e.,
slope < 0) or inverse density dependent (i.e., Allee effect; slope > 0)
effects on population growth (Dennis and Otten, 2000; Van Houtan
et al., 2009). Since this model lagged the covariate by one year (i.e.,
Nt1), the ﬁrst year of the response variable had to be excluded
from the model which invalidates the use of AICc as a comparison
tool with the other models. However, we ﬁt the base ARIMA model
to the same response series to facilitate model comparison.
2.5. Simulation
We used Monte Carlo forecasting to simulate the distribution of
future abundances to 2040 (30 years into the future; Hyndman and
Khandakar, 2008; Hyndman et al., 2012). We used the ‘‘forecast’’
package for program R for analyses (Hyndman and Khandakar,
2008; Hyndman et al., 2012; R Development Core Team, 2012).
We performed 100,000 iterations and allocated the iterations
according to AICc weight among the competitive models (i.e.,
DAICc 6 2). To approximate 95% forecast intervals, we obtained
the 2.5 and 97.5 percentiles of the simulated forecasts (Manly,
Table 3
Autoregressive integrated moving average (ARIMA) models of the time-series of whooping crane abundance. For each model, 2  log-likelihood (–2LL), number of parameters
(K), second-order Akaike’s Information Criterion (AICc), difference in AICc compared to lowest AICc of the model set (DAICc), and AICc weight (w) are given.
Modela –2LL K AICc DAICc w
ARIMA(0,1,1)  (0,1,1)10 + mean + X1956 54.572 5 65.644 0.000 0.359
ARIMA(0,1,1)  (0,1,1)10 + mean + X1961 55.343 5 66.414 0.770 0.244
ARIMA(0,1,1)  (0,1,1)10 + mean 59.165 4 67.867 2.224 0.118
ARIMA(0,1,1)  (0,1,1)10 + X1956 59.288 4 67.989 2.346 0.111
ARIMA(0,1,1)  (0,1,1)10 + X1961 61.036 4 69.738 4.094 0.046
ARIMA(0,1,1)  (0,1,1)10+mean + eggst/pairst 59.125 5 70.196 4.553 0.037
ARIMA(0,1,1)  (0,1,1)10+mean + eggt 59.165 5 70.236 4.592 0.036
ARIMA(0,1,1)  (0,1,1)10 64.226 3 70.640 4.996 0.030
ARIMA(0,1,1)  (0,1,1)10 + eggst/pairst 64.179 4 72.881 7.237 0.010
ARIMA(0,1,1)  (0,1,1)10+eggt 64.222 4 72.924 7.281 0.009
a ARIMA(p,d,q)  (P,D,Q)s where p is the number of primary autoregressive terms, d is the order of primary differencing, q is the number primary moving average terms, P is
the number of periodic autoregressive terms, D is the order of periodic differencing, Q is the number periodic moving average terms, s refers to the seasonal period, Xyear is an
indicator variable used to describe transition between two growth phases, eggst/pairst is the number of eggs removed divided by the number of nesting pairs in year t, eggt is a
variable indicating which years egg removal occurred, and mean is the constant term describing a deterministic trend.
Fig. 1. Time-series of winter abundances of the Aransas-Wood Buffalo whooping crane ﬂock surrounding Aransas National Wildlife Refuge, Texas, USA (black line) and model
averaged Monte Carlo forecasts of winter abundance (gray lines). The gray dashed line represents the mean forecast and the gray dotted lines represent the 95% forecast
intervals.
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Wood Buffalo ﬂock, if recovery goals are attainable. Therefore, we
estimated the probability of whooping crane abundance growing
beyond population sizes identiﬁed by downlisting criteria estab-
lished by the International Recovery Plan (CWS and USFWS, 2007).
Since winter 2008–2009 was extoled as an extraordinarily poor
winter for whooping cranes and generated much concern in the
conservation community, we simulated the sensitivity of the Aran-
sas-Wood Buffalo ﬂock’s trend to years of negative growth. We
estimated mean growth rate (r; Skalski et al., 2005) and examined
the time-series of r to inform our simulations. Because extreme
mortality events will manifest in growth rates, we simulated the
impact of such events on the population’s trajectory by inducing
negative growth (r = 0.025, 0.050, 0.100, or 0.150) for 1–3
consecutive years. The growth rates we selected were multiples
of the growth rate observed after winter 2008–2009 and were sim-
ilar to scenarios observed since the whooping crane population ex-
ceeded 50 individuals in 1968 (Table 1). We then used Monte Carlo
forecasting to simulate the distribution of future abundances after
these induced years of negative growth. These simulations as-
sumed that after the induced years of negative growth, the popu-
lation returns to the patterns of growth observed in the past. We
estimated the probability of whooping crane abundance growingbeyond the population sizes identiﬁed by the downlisting criteria
given these induced years of negative growth. We conducted
100,000 iterations for each scenario and allocated the iterations
among the competitive models according to AICc weight.3. Results
3.1. Modeling abundance
The 73-year time-series of whooping crane abundances indi-
cated an exponential trend in abundance (Fig. 1). The ACF and PACF
of the ﬁrst-order differenced time-series suggested a 10-year cycle
(Fig. 2), so we used a span 10 difference to account for this periodic
pattern (Boyce and Miller, 1985; Boyce, 1986). The response vari-
able was:
Yt ¼ ð
ﬃﬃﬃﬃﬃ
Nt
p

ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Nt1
p
Þ  ð
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Nt10
p

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Nt11
p
Þ
where Nt is whooping crane abundance at time t. Further examina-
tion of the ACF and PACF of Yt indicated a multiplicative seasonal
structure (Fig. 3; Brocklebank and Dickey, 2003). Therefore, we
modeled a ﬁrst-order moving average at the primary and periodic
levels. Speciﬁcally, the ACF had negative spikes at lag 1 and 10 plus
Fig. 2. The autocorrelation function (ACF) and partial autocorrelation function
(PACF) of the ﬁrst-order differenced time-series (
ﬃﬃﬃﬃﬃ
Nt
p  ﬃﬃﬃﬃﬃﬃﬃﬃﬃNt1
p
) suggested a 10-year
cycle.
Fig. 3. The autocorrelation function (ACF) and partial autocorrelation function
(PACF) of Yt indicated a multiplicative seasonal structure where
Yt ¼ ð
ﬃﬃﬃﬃﬃ
Nt
p  ﬃﬃﬃﬃﬃﬃﬃﬃﬃNt1
p Þ  ð ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃNt10
p  ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃNt11
p Þ.
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Dickey, 2003). The Dickey-Fuller unit root tests indicated stationa-
rity (ADF = 3.601, P = 0.041). Residuals of this model were nor-
mally distributed (D = 0.103, P = 0.496), not autocorrelated
(v2 = 15.996, df = 22, P = 0.816), and homoscedastic (PP 0.277).
We found two competitive models (DAICc 6 2) that identiﬁed
when the whooping crane time-series separated into two growth
phases (Binkley and Miller, 1983, 1988). The best model indicated
1956 as the transition year (2  log-likelihood [2LL] = 54.572,
AICc = 65.644) while the second model indicated 1961
(2LL = 55.343, AICc = 66.414).
To identify the most parsimonious model, we combined the
best transition models with the base ARIMA model, the determin-
istic trend model, and the egg removal models into a ﬁnal model
set (Table 3). We found the transition models remained most com-
petitive (Table 3). The residuals of both transition models were
normally distributed (1956: D = 0.112, P = 0.389; 1961: D = 0.096,P = 0.580), not autocorrelated (1956: v2 = 14.252, df = 22,
P = 0.892; 1961: v2 = 18.208, df = 22, P = 0.694), and homoscedastic
(1956: PP 0.076; 1961: PP 0.142). These models indicated that
whooping crane abundances in the Aransas-Wood Buffalo ﬂock
are increasing exponentially, without evidence of reaching carry-
ing capacity (Fig. 1). Similarly, the Nt1 model indicated no density
dependence (b = 0.005, SE = 0.014; t = 0.341, P = 0.734) and was not
competitive (DAICc = 2.187).3.2. Simulation
We averaged the most competitive models (i.e., the 1956 and
1961 growth transition models) and used Monte Carlo forecasting
to simulate the distribution of future abundances to 2040 (Fig. 1).
Based on these forecasts, we estimated the extinction probability
for the Aransas-Wood Buffalo whooping crane ﬂock as zero. The
probability (p) of the ﬂock’s abundance declining below 160 indi-
viduals was also zero (see Criterion 1). The probability of it increas-
ing toP400 individuals (see Criterion 1A) was 0.366 (SE = 0.0015)
by 2020, 0.504 (SE = 0.0015) by 2023, 0.837 (SE = 0.0012) by 2025,
and 0.991 (SE < 0.0001) by 2027 (Fig. 4). However, it was unlikely
(p = 0.0003, SE < 0.0001) the ﬂock will increase beyond 1000 indi-
viduals before 2040 (see Criterion 1A; CWS and USFWS, 2007).
Mean r was 0.0383 (SD = 0.1243) for the time-series. We found
25% of the years in the 73-year time-series had negative growth
rates (60.0225; Table 1). Two consecutive years of negative
growth has occurred twice: one period began in 1972 and the other
in 2000 (Table 1). Three consecutive years of negative growth has
occurred only once beginning in 1950 (Table 1). The population ex-
ceeded 50 individuals in 1968 and since then, the minimum r ob-
served was 0.146 (Table 1). Since the population exceeded 100
individuals in 1986, r has been negative 20% of the time, with a
low of 0.101 (Table 1). After the drought of 2008–2009, r was
0.0225 (Table 1). We used these values to inform the simulations
in which we induced years of negative growth.
We conducted simulations with induced negative growth (i.e.,
r = 0.025, 0.05, 0.1, or 0.15) for 1–3 consecutive years to
evaluate its effects on the population’s trajectory. Our objective
was to determine how short-term population declines inﬂuence
this population’s trajectory and at what magnitude and duration
those events should trigger management intervention. In all sce-
narios, the probability that the population will exceed 400 individ-
uals by 2037 was >0.80 (Fig. 4). For all scenarios with 1 year of
negative growth, this whooping crane population reaches 400
birds by 2026 (p > 0.912). After 2 years of negative growth, the
population will increase to 400 birds by 2027 (p > 0.872) except
when r = –0.15 (p = 0.779; Figs. 4 and 5). Then, the population ex-
ceeds 400 individuals by 2033 (p = 0.819). With three consecutive
years of negative growth, the population still reaches 400 birds by
2026 with r = 0.025 and 0.05 (p > 0.834; Figs. 4 and 6). With
three consecutive years of r = 0.1, the population will not exceed
400 individuals until 2034 (p = 0.850; Figs. 4 and 6). However, with
three consecutive years of r = 0.15, the population does not reach
400 individuals until 2037 (p = 0.813; Figs. 4 and 6). For all scenar-
ios examined, the probability of the population reaching 1000 indi-
viduals by 2040 was <0.001 (SE < 0.0001).4. Discussion
Our research began by modeling the Aransas-Wood Buffalo
whooping crane ﬂock’s abundance which allowed us to character-
ize its normal population dynamics. We found the ﬂock exhibited
continued population growth for the past 73 years (Fig. 1). Most
variation in the time-series is explained with a simple multiplica-
tive seasonal ARIMA process that captures the decadal periodicity
Fig. 4. Probability of the Aransas-Wood Buffalo whooping crane ﬂock increasing to P400 individuals (downlisting Criterion 1A; grey line at 0.8 probability) after varying
degrees of mortality events (SE 6 0.002 for all estimates). Mortality events were simulated by manipulating r for 1–3 consecutive years. The solid black line is recovery
probabilities without addition of years with negative growth (negative r), the dashed line is recovery probabilities with addition of 1 year of negative growth, the dot-dashed
line is recovery probabilities with addition of 2 years of negative growth, and the dotted line is the recovery probabilities with addition of 3 years of negative growth. A few
scenarios resulted in larger recovery probabilities than the baseline because the forecasted growth rate for 2011 was –0.040.
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ings (Boyce and Miller, 1985; Boyce, 1986), although our models
differed by using 26 more years of data and by allowing growth
rate to increase through time with the trend adjusted by a transi-
tion occurring in 1956 or 1961. While the presence of a positive
trend in growth rates appears evident (i.e., inclusion of the con-
stant in the models), it was likely a simpliﬁcation of a subtle in-
verse density dependent effect (i.e., Allee effect; Van Houtan
et al., 2009). Speculation on why a transition in the growth trend
occurred is difﬁcult without additional data. Though Binkley and
Miller (1983) discussed the possibility of poor accuracy in early
surveys or an age-class imbalance causing the transition, they dis-
carded these explanations. Another possibility could include a dis-
tribution expansion into new areas, but the spatial distribution of
these data does not support this, as the largest geographical expan-
sions of this population occurred in 1944, 1946 and 1973 (Stehn
and Johnson, 1987). Future examination of the relationships be-
tween this time-series and environmental conditions (i.e., drought,
rainfall, or other climatic cycles) may provide more insight into the
dynamics of this population.
We found no evidence for density dependence in our models,
and the wintering grounds for this population of whooping cranes
have continued to expand with increases in ﬂock size (Stehn and
Taylor, 2008; Stehn and Prieto, 2010). Both lines of evidence sug-
gest that density dependent-related resource limitations are not
yet inﬂuencing whooping crane population growth. Previously,
Stehn and Prieto (2010) proposed a carrying capacity of 576
whooping cranes may exist on Aransas NWR. They based their esti-mates on whooping crane territory size, which was derived from
an assumption of accurately identifying unmarked individuals. De-
spite no evidence that the Aransas-Wood Buffalo ﬂock is density
limited, Gil-Weir et al. (2012) also constructed a demographic
model based on a presumed carrying capacity (576 or 1156). These
speculations by Stehn and Prieto (2010) and projections made by
Gil-Weir et al. (2012) likely underestimated the potential growth
of this population as it approaches their proposed carrying
capacity.
Our analyses did not indicate a positive or negative impact of
egg removal on winter abundance. Boyce et al. (2005) did report
that colt recruitment into the wintering ﬂock was greater for
nests with egg removal. However, their analysis was focused on
individual nesting pairs instead of population-level effects. Egg
removal remains an important conservation tool, for without
the egg removal program, efforts to establish other whooping
crane populations would not exist (Boyce et al., 2005; CWS and
USFWS, 2007). Without successful establishment of other whoop-
ing crane populations, the Aransas-Wood Buffalo ﬂock must ex-
ceed 1000 individuals to reach downlisting (Criterion 1B; CWS
and USFWS, 2007). The probability of reaching that goal by
2040 was essentially zero.
Fortunately, efforts are underway to establish a non-migratory
ﬂock of whooping cranes in Louisiana and a ﬂock that migrates be-
tween Wisconsin and Florida (USFWS, 2001; WCCA, 2011; W. Har-
rell, personal communication). Assuming one of these populations
grows to P120 individuals by 2025, our forecasts suggested the
probability of reaching abundance levels in the Aransas-Wood
Fig. 5. We simulated 2 years of negative growth in the Aransas-Wood Buffalo whooping crane ﬂock to evaluate its impact on the population’s trajectory. Black lines represent
forecasts without additional years of negative growth and grey lines represent forecasts after the addition of 2 years of negative growth. Dashed lines represent mean
forecasts and the dotted lines represent the 95% forecast intervals. The grey dots represent the induced years of negative growth.
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viduals) should be reached between 2023 and 2027. This occurs
despite occasional population declines predicted over the next
30 years due to the periodic nature of population growth rates.
Overall, as the Aransas-Wood Buffalo ﬂock continues to grow, the
prospects for downlisting whooping cranes are promising assum-
ing establishment of other self-sustaining ﬂock(s).
According to our simulations, the forecasted growth rates until
2040 will be negative 23.2% (95% CI = 13.3–33.3%) of the time.
Therefore, 4–10 of the next 30 years will have declining whooping
crane abundance, similar to the historical time-series. Understand-
ing that this periodicity in population growth is normal should
guide those tasked with managing whooping cranes away from
short-term, reactive management actions when periodic declines
occur. In fact, Boyce (1986) lamented that recognition of this peri-
odicity and its associated declines should ‘‘reduce potential panic’’
when they occur.
Natural variation in the population’s growth exists, so declines
will not always happen on decadal intervals (i.e., the cycle could
occur on 8–12-year intervals). However, an apparent expectation
that the decline would always occur on the decade had developed.
For example, Stehn (2010:26) wrote, ‘‘right on schedule, the 10-
year dip in the curve occurred’’ when referring to a decline in
whooping crane abundance. Granted, were populations to decline
when they should be rising (i.e., during the cyclical peak) then
present conditions may have diverged from historical trends and
concern could be warranted. While understanding that occasional
declines will occur is important, future research efforts should fo-
cus on understanding the causes of the population’s decadal peri-
odicity and extra-periodic variation (Boyce, 1986). Unfortunately,causes of this periodicity may be difﬁcult to isolate (e.g., Krebs
et al., 2001).
We simulated years with negative population growth of varying
magnitudes for 1–3 consecutive years to better understand the
Aransas-Wood Buffalo ﬂock’s sensitivity to periods of population
decline. Declines in r must be extreme to change this population’s
trajectory. Indeed, our simulations indicated population trajecto-
ries will diverge from the expected trajectory only after P3 con-
secutive years of r 6 0.1 or P2 consecutive years of r 6 0.15
(Fig. 4). We found that substantial reductions (i.e.,P10-year delay)
in recovery probabilities only occur with P3 consecutive years of
r 6 0.15 (Fig. 4). Additionally, over the past 73 years of monitor-
ing, such events occurred only once in the early 1950s, when fewer
than 40 whooping cranes existed. At this population size, the loss
of only six birds would result in r 6 0.15. A similar number of
mortalities would not result in such large declines in growth rate
given current abundance levels.
The presumed high winter mortality rate during the drought of
2008–2009 caused widespread concern over perceived whooping
crane population declines. During the period, r was reduced to
0.0225. The probability of the Aransas-Wood Buffalo ﬂock’s
abundance increasing to P400 individuals by 2030 would be re-
duced from 0.999 to 0.998 when r = 0.025 for three consecutive
years (Fig. 4). Hence, the effect was inconsequential. Similarly,
the population declines beginning in 1972 and 2000 were also un-
likely to adversely affect the trajectory of this population and its
ability to recover. Instead of assuming periodic declines are a fail-
ure in recovery activities, it would be better to refocus research ef-
forts to understand why the periodicity occurs and whether
management actions can be taken to curb or adjust the periodicity.
Fig. 6. We simulated 3 years of negative growth in the Aransas-Wood Buffalo whooping crane ﬂock to evaluate its impact on the population’s trajectory. Black lines represent
forecasts without additional years of negative growth and grey lines represent forecasts after the addition of 3 years of negative growth. Dashed lines represent mean
forecasts and the dotted lines represent the 95% forecast intervals. The grey dots represent the induced years of negative growth.
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will remain similar to those of the past. This is not dissimilar from
any other modeling exercise (Weisberg, 2005). However, if condi-
tions change such that the baseline dynamics of this population
change, then additional management intervention could be war-
ranted. Further, the simulations in which we induced additional
years of negative growth assumed the population’s dynamics re-
turn to the patterns observed in the past. It is possible that some
events (e.g., sterilization from environmental contamination, dis-
ease introduction) could cause systemic problems that could affect
baseline growth rates. Therefore, if fundamental shifts in this pop-
ulation’s growth patterns occur in the future (e.g., long-term de-
clines become apparent), efforts should be initiated to
understand and mitigate them.
5. Applications
As wildlife managers and conservation planners continue devel-
oping recovery goals and management plans for whooping cranes,
our population models and forecasts are useful for evaluating the
feasibility of those goals and for setting reasonable habitat conser-
vation targets. For instance, conservation planners can tie land pro-
tection and restoration goals to projected abundance and our
forecasts can be used to better gauge recovery goals and expecta-
tions. Also, understanding occasional declines in whooping crane
abundance and recognizing that natural variation in the decadal
cycle exists will help managers and stakeholders make better deci-
sions during periods of population decline.
Though the potential positive effects of egg removal on winter
abundance of the Aransas-Wood Buffalo ﬂock were not evident,future egg removal to augment captive breeding and reintroduc-
tion programs should not limit future population growth. Addi-
tionally, our best models indicated an increasing trend in growth
rates. We found no evidence that the whooping crane population
growth was density dependent, suggesting that the population is
not yet limited by resource availability.
Model forecasts indicated that substantial reductions in recov-
ery probabilities only occur in the most extreme scenarios (i.e.,
P2 consecutive years of r 6 0.15 or P3 consecutive years of
r 6 0.1). If costly or risky management actions are implemented
to moderate occasional short-term declines, we recommend avoid-
ing their use except in these most extreme cases. These scenarios
suggest that an appropriate trigger for management intervention
could be an 18% decline in abundance over a 3-year period or a
14% decline in 2 years (percent decline was calculated as
ððerÞt1  1Þ  100%).
The USFWS has monitored whooping cranes for over seven dec-
ades, providing data to model and predict whooping crane popula-
tion trajectories and evaluate management triggers. Maintaining
continuity in this dataset remains important for understanding
how this population changes over time. However, this whooping
crane population is approximately 15 years from reaching 400
individuals and abundance estimates do not trigger most, if any
management decisions. For example, many management activities
on Aransas NWR such as prescribed burning will continue to occur
regardless of whether an abundance estimate is available. This
begs the question, why continue to monitor whooping crane abun-
dance annually? Annual monitoring is more informative when the
policy decisions regarding downlisting are imminent (Lyons et al.,
2008; Reynolds et al., 2011; Nicol and Chadès, 2012). Otherwise,
98 M.J. Butler et al. / Biological Conservation 162 (2013) 89–99survey effort could occur biennially and still detect the thresholds
of population decline that would trigger management intervention.
Savings in cost and time could be applied to land protection, con-
servation measures and educational campaigns that reinforce
whooping crane persistence.
Our results also help with evaluating the impacts of unforeseen
mortality events or years with low recruitment. For example, the
simulations provide wildlife managers and policy makers knowl-
edge of the magnitude and duration of natural (e.g., droughts, hur-
ricanes and disease outbreak) or manmade (e.g., chemical spills
and shooting) periods of negative growth that could result in pop-
ulation-level impacts to the Aransas-Wood Buffalo ﬂock’s growth
and recovery. Unfortunately, when such triggers are reached, we
know of no management options that could curb these declines
or reduce their impacts. Indeed, many approaches suggested (i.e.,
supplemental feeding, aquaculture, fresh water provisioning with
windmills and solar pumps) rely on site-speciﬁc management de-
signed to assist individual birds. We deemphasize such intensive,
small-scale management actions that may provide little popula-
tion-level impacts or long-term gains (irrespective of their poten-
tial for unintended negative consequences). Instead, emphasis
should rest on long-term approaches that ensure persistence of
an expanding whooping crane population along the Texas gulf
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